The genetic diversity of Yersinia pestis, the etiologic agent of plague, is extremely limited because of its recent origin coupled with a slow clock rate. Here we identified 2,326 SNPs from 133 genomes of Y. pestis strains that were isolated in China and elsewhere. These SNPs define the genealogy of Y. pestis since its most recent common ancestor. All but 28 of these SNPs represented mutations that happened only once within the genealogy, and they were distributed essentially at random among individual genes. Only seven genes contained a significant excess of nonsynonymous SNP, suggesting that the fixation of SNPs mainly arises via neutral processes, such as genetic drift, rather than Darwinian selection. However, the rate of fixation varies dramatically over the genealogy: the number of SNPs accumulated by different lineages was highly variable and the genealogy contains multiple polytomies, one of which resulted in four branches near the time of the Black Death. We suggest that demographic changes can affect the speed of evolution in epidemic pathogens even in the absence of natural selection, and hypothesize that neutral SNPs are fixed rapidly during intermittent epidemics and outbreaks.
The genetic diversity of Yersinia pestis, the etiologic agent of plague, is extremely limited because of its recent origin coupled with a slow clock rate. Here we identified 2,326 SNPs from 133 genomes of Y. pestis strains that were isolated in China and elsewhere. These SNPs define the genealogy of Y. pestis since its most recent common ancestor. All but 28 of these SNPs represented mutations that happened only once within the genealogy, and they were distributed essentially at random among individual genes. Only seven genes contained a significant excess of nonsynonymous SNP, suggesting that the fixation of SNPs mainly arises via neutral processes, such as genetic drift, rather than Darwinian selection. However, the rate of fixation varies dramatically over the genealogy: the number of SNPs accumulated by different lineages was highly variable and the genealogy contains multiple polytomies, one of which resulted in four branches near the time of the Black Death. We suggest that demographic changes can affect the speed of evolution in epidemic pathogens even in the absence of natural selection, and hypothesize that neutral SNPs are fixed rapidly during intermittent epidemics and outbreaks.
infectious disease | molecular clock | phylogenomics | NGS | molecular epidemiology P lague caused by Yersinia pestis has claimed millions of human lives as recently as the 20th century, and sylvatic plague remains enzootic (endemic) in multiple rodent foci around the world (1, 2) . These Gram-negative bacteria can be transmitted from rodents to humans and animals by fleabites, physical contact, or respiratory droplets, and human infection is usually lethal in the absence of antibiotic treatment.
In 1894, microbiologists identified Y. pestis as the cause of modern plague (3) . They also attributed historical pandemics of plague to this bacterium, including the Black Death (4), which reached Europe in 1347, and the Justinianic Pandemic (5), which began in 541. This interpretation has been questioned by historians and epidemiologists because the Black Death differed in epidemiology and symptoms from modern plague at the beginning of the 20th century (6) (7) (8) . Furthermore, the hosts (rats) and vectors (fleas, Xenopsyllis cheopsis) that are currently associated with efficient transmission of bubonic plague were rare or absent in Europe during the Black Death (8) . However, Y. pestis DNA and antigens were detected in Black Death skeletons by multiple groups (9, 10) and sequences of Y. pestis genomes have been reconstructed from ancient DNA in skeletons that were buried in London in 1348-1349, soon after the Black Death reached Europe (11) .
Y. pestis evolves clonally and has only very limited genetic diversity (12) . Phylogeographic analysis of a global collection of isolates showed that these bacteria have spread repeatedly from China (13) , and that the Black Death genotypes map to the base of phylogenetic branch 1 (9, 11) . However, multiple questions remain unresolved, including whether plague spread globally during or after the Black Death, and whether the Justinianic Pandemic was caused by Y. pestis (11) .
Here we describe the genomic sequences of >100 Y. pestis strains from China and East Asia. Our results show that the medieval spread of plague coincided with a "big bang" in Y. pestis diversity, during which several extant lineages arose within a short time period. We conclude that sequence evolution is largely neutral and mutations have accumulated at a very uneven pace, possibly because of the alternation of endemic and epidemic periods. Finally, we show that Y. pestis lineages that can infect humans already existed by the time of the Justinianic Pandemic.
(Dataset S2). A pan-genome was created from all genomes, and reads containing putative SNPs relative to the pan-genome were filtered to exclude potential sequencing errors. We tested the reliability of these procedures by comparing the results for two strains, the genomes of which had previously been independently sequenced with traditional Sanger sequencing (17) . The two genomes differed at positions 129314 and 1559993 for strain K11973002, whereas the two genomes of strain E1979001 were indistinguishable. Sequencing of PCR products showed that the two differences in K11973002 represented sequencing errors in the Sanger genome.
We also analyzed 15 other, previously published genomes of Y. pestis (Dataset S1), for a total of 133 genomic sequences. The Y. pestis core-genome, consisting of segments present in all 133 genomes, is 3.53-Mb long, subdivided into 990 genomic blocks because most assemblies contain multiple contigs (Datasets S2 and S3). This genome contains 3,450 annotated genes spanning 3.03 Mb. Our comparisons further identified 1.92 Mb (1,700 annotated genes spanning 1.16 Mb) that were variably present in some isolates (Dataset S4), of which 421 kb were assigned to six previously known plasmids (SI Appendix, Table S1 ). The Y. pestis pan-genome (core-genome plus accessory genome) is 5.46 Mb in length (SI Appendix, Fig. S1 and Table S1 ).
Y. pestis Lineages in Relation to Geography and Host. Previously (13, 18, 19) we interpreted the population structure of Y. pestis as a clonal lineage with three branches, designated 0, 1, and 2, which evolved from Yersinia pseudotuberculosis 2,600-28,000 y ago. According to this interpretation, the Y. pestis genealogy is rooted by Y. pseudotuberculosis at the base of branch 0, and SNPs have accumulated serially along branch 0 and subsequently along branches 1 and 2. All Y. pestis isolates, including the genomes analyzed here, cluster within one multilocus sequence type that is embedded within the Y. pseudotuberculosis population structure (20) . These observations show that Y. pestis is a genetically monomorphic clone of Y. pseudotuberculosis, which has greater diversity. A highly robust maximum-likelihood (ML) tree of the 133 genomes of Y. pestis plus four published genomes of Y. pseudotuberculosis confirmed that Y. pseudotuberculosis is a suitable outgroup for defining the order of sequential mutations during the genealogy of Y. pestis, and that the most recent common ancestor (MRCA) of all sampled isolates of Y. pestis is at the base of branch 0 (SI Appendix, Fig. S2 ). The four Y. pseudotuberculosis genomes share the same nucleotide for all SNPs within Y. pestis, which defines the ancestral state. Almost all core SNPs within the genealogy of Y. pestis correspond to substitutions that have occurred only once, and thus define a unique, fully parsimonious path of changes. The core-genome of Y. pestis contains 2,298 such SNPs (Dataset S5), which were used to generate a rooted minimum spanning tree (MSTree) based on sequential changes since the MRCA (Fig. 1A and SI Appendix, Fig. S3 ).The MSTree and ML tree are fully concordant (SI Appendix, Fig. S4 ). Twenty-eight other SNPs were excluded from these analyses because they are homoplasies (repeated identical mutations in independent branches) (SI Appendix, Table S2 ).
This comparative analysis of a large number of genomes revealed additional genealogical substructure. The genealogy now includes branches 3 and 4, which split from branch 0 concurrently with branches 1 and 2 in an extensive "big bang" polytomy at the junction designated node N07 ( Fig. 1A and SI Appendix, Fig. S3B ). The Black Death sequences that were defined by ancient DNA studies (9, 11) are also very close to this polytomy. The sequences are located on branch 1, one SNP and three SNPs after it diverged from node N07 (Fig. 1A) . Two other SNPs identified by Bos et al. (11) were ignored in our genealogical analyses because they are located in repetitive segments.
We previously concluded that plague spread on multiple occasions from China or its vicinity (13) . Our new data support this hypothesis because the deepest branching lineage of the geneal- ogy, 0.PE7, has only been isolated in China. In contrast, isolates from the former Soviet Union belong to lineages (0.PE2 and 0. PE4B) that evolved more recently. The Y. pestis strains from China cluster geographically (MANOVA: Pillai-Bartlett trace = 1.75,
), but also cluster by host genera (nonparametric χ 2 test, 999 permutations: χ 2 = 64.61, P = 0.001) (SI Appendix, Fig.  S5 ). Because these two factors are largely confounded statistically, we were unable to evaluate the relative importance of geography and ecology in shaping the population structuring of Y. pestis in China. However, we note that the deepest branching lineage of the genealogy, 0.PE7, has only been isolated in the Qinghai-Tibet Plateau in China, and that most isolates from western and southern China were located near ancient trade routes designated as the "Silk" and "Tea-Horse" Roads, which crossed in the Qinghai-Tibet Plateau (Fig. 1B) . These observations suggest that plague may have originated in or near the Qinghai-Tibet Plateau and was transmitted between rodent populations by human travel along the ancient trade routes.
Our data also show that most Y. pestis lineages are capable of causing human plague. Although we focused on Y. pestis from Chinese sylvatic foci in this study, 1,500 cases of human plague have been reported in China since 1955 (21) . Our collection included 14 strains from human patients and one from a human flea. These 15 genomes included four on branch 0, as well as 11 others on branches 1, 2, and 3 (SI Appendix, Fig. S5B ). One isolate from human bubonic plague lies on the deepest branch, 0.PE7, and the isolate from a human flea was found in the 0.ANT1 clade. Even though biovar Microtus (0.PE4C) is not associated with human disease (22, 23) , the deepest branch within 0.PE4, 0.PE4A, includes two isolates from human disease. These observations thus show that the potential to cause human disease has probably been present since Y. pestis first evolved, and all known lineages can potentially cause plague, except 0.PE4C. Contrary to the conclusions of Bos et al. (11) , neither the Black Death nor the polytomy at N07 were associated with a sudden acquisition of the potential to cause human disease.
Overdispersion of Branch Lengths in Y. pestis. According to the expectations of a constant molecular clock, the core-genome of all modern strains should be approximately equidistant from the MRCA. However, this was not the case, as the number of SNPs to the MRCA varied between 96 (0.PE7) and 548 (0.PE3). Even after excluding these two extremes, the number ranged from 183 to 320 (SI Appendix, Fig. S3A and Dataset S1). Similarly, the number of SNPs accumulated since the polytomy at N07 by individual genomes on branch 1 ranged from 27 (1.IN1a) to 100 (1.ANTb). A constant molecular clock predicts a Poisson distribution of the root-to-tip distances, which results in similar values for the mean and the variance of the number of SNPs. However, in the Y. pestis phylogeny, the variance [1,575; 99% confidence interval (CI): 456, 3,970] of the number of SNPs accumulated from root to tips was much higher than the mean (248; 99% CI: 239, 257), using quantiles of the distributions obtained by bootstrapping root-to-tip distances to calculate 99% CIs. Strong heterogeneity in branch length from the MRCA was also apparent in the ML tree (SI Appendix, Fig. S2 ).
Overdispersion of branch lengths can occur when mutations accumulate progressively over the time period of sampling, as observed with H1N1 influenza virus (24) and methicillin-resistant Staphylococcus aureus (25, 26) . However, both these organisms evolve very rapidly and have far more recent MRCAs than Y. pestis. As such, a substantial proportion of their diversity arose during the time covered by the sampling period. In contrast, the period during which the Y. pestis isolates were collected represents only a small fraction of the time during which they diversified from their MRCA, and the branch lengths to the MRCA for individual strains of Y. pestis were uncorrelated to their year of isolation (R 2 = 0.01) (SI Appendix, Fig. S6 ).
Variable Clock Rate. An alternative explanation for overdispersion in root-to-tip distance is that the substitution rate varies across lineages. We performed an analysis using the Bayesian relaxedclock model in BEAST (27) (28) (29) (30) on all genomes (SI Appendix), including the ancient DNAs, but excluding Angola (0.PE3), which prevented the analysis from converging. The analysis was performed with the known dates of isolation of the bacterial strains, using 1348 as the date for the ancient DNAs and based on a lognormal distribution of clock rate. This analysis indicated that the genealogy has indeed undergone substantial rate variation, with a nearly 40-fold difference between the slowest and the fastest evolving branches ( Fig. 2 and SI Appendix, Fig. S7 ). Comparable calculations using a strict clock model, where rates were constant across the tree, yielded log 10 marginal likelihoods of 109.6 with the Bayes Factor approach implemented in Tracer, which provides overwhelming support for a relaxed clock (27) .
According to our calculations, rate accelerations and decelerations are interspersed in the tree, with the two fastest rates occurring at the big-bang polytomy at N07 and within 1.ORI, which was responsible for the global spread in 1894 of all three waves of the third pandemic (13) . The date estimations indicate that 1.ORI evolved early in the 19th century, several decades before epidemic disease manifested within China, and that the polytomy at N07 preceded the Black Death by about 80 y ( Table 1 ). The MRCA of all modern isolates of Y. pestis was calculated as 1322 BC (95% CI: 4394 BC to 510 AD). The nodes flanking Angola were estimated to have originated several centuries before the Justinianic Pandemic of 541 AD, with 95% CIs that overlap the beginning of that pandemic. Our dating estimates now cast doubt on our previous proposal that major voyages from China to Africa at the beginning of the 14th century brought 1.ANT to East Africa because those voyages predated the age of 1.ANT (1499 AD; 95% CI: 1377-1650) (Table 1 and SI Appendix, Fig. S8 ).
Internal Nodes and Multiple Polytomies. As clock rates were highly variable across the phylogeny, we investigated whether variation in branch length was correlated with features of the tree topology. Interestingly, we observed a strong positive correlation between the number of nodes and the number of SNPs from each genome to the MRCA of the genealogy (R 2 = 0.56) (Fig. 3A) , indicating that lineages with higher mutation rates tend to have experienced more branching events over time. The relationship between SNPs and nodes can be biased by pseudoreplication, because the numbers of nodes and SNPs to the MRCA of the Fig. 2 . A maximum clade credibility tree of the core genomes of Y. pestis. The tree was estimated using the uncorrelated lognormal relaxed model in BEAST (27) with core-genomes. Angola (0.PE3) was excluded from this estimation because its anomalously fast rate could not be fitted by the lognormal model. Two sources of temporal information were used to date the tree. First, the two Black Death genomes were placed at 1348, the date of burial of the skeletons. Second, we constrained the mean of the lognormal distribution of rates to 1 × 10 −8 substitutions per site per year (13) . Estimates using these two parameters alone provided consistent dates, but with wider credibility intervals. Branch lengths are scaled to years. Branch colors indicate the estimated branch substitution rate on the logarithmic scale shown in the Rate Key at the left. Population designations are as in Dataset S1. and with 1,000 replicates for each dataset size. As expected, the range of R 2 was larger in small datasets. However, the relationship between nodes and SNPs to the MRCA remained remarkably robust, with median R 2 values ranging from 0.5 to 0.6 (Fig. 3B) . A similar relationship between nodes and SNPs, the "node-density effect" (31), can arise under limited sampling of taxa with repeated forward and back mutations, because of mutation saturation in undersampled areas of a genealogy. However, homoplasies are rare in Y. pestis, which excludes mutation saturation. Thus, despite the variable mutation rate, SNPs are a good indication of branching events, and epidemics that have resulted in more SNPs are also associated with more historical branches. We note, however, that this may reflect an indirect correlation, because lineages that have experienced more epidemics have been more successful, and might therefore represent a greater proportion of our sample. In turn, isolates from clades that are more common in the dataset are also expected to be characterized by higher numbers of nodes from root to tip.
A remarkable feature of our genealogy of Y. pestis is the presence of multiple polytomies, including the big-bang polytomy at node N07. Some of these nodes are the ancestors of populations that have only been identified in China (0.ANT1, 1.IN1, 1.IN2, 2. ANT3, and 2.MED3) but the basal node of 1.ORI (N14), the cause of the third pandemic, also represents a polytomy ( Fig. 1 and SI Appendix, Fig. S3B ). Thus, radial expansions (starburst genealogies) have occurred in Y. pestis on multiple occasions, interspersed with the binary branching structure that is otherwise normally associated with clonal diversification. As starburst genealogies are often interpreted as signatures for rapid expansions, it is tempting to speculate that each polytomy corresponds to an ancient plague epidemic. In this respect, the association between faster clock rates and branching events is particularly interesting, as it would suggests that lineages responsible for more epidemics might also accumulate genetic diversity more quickly.
Drivers of Molecular Clock Rate Variation in Y. pestis. What are the causes behind the strong clock rate variation?
Mutations accumulate rapidly among "mutator" strains with elevated spontaneous mutation rates (32) . However, Angola in 0.PE3, the strain whose genome had the most SNPs, is not a mutator (33) , nor did any of the genomes contain traces of the epistatic mutations that can result in reversion of a transient mutator to wild-type. Furthermore, only one mutator was identified among 294 Y. pestis strains from global sources (13) . Thus, transient mutators are unlikely to have caused the numerous rate accelerations and decelerations we observed throughout the Y. pestis phylogeny.
An alternative explanation would be numerous events of diversifying (natural) selection leading to the rapid fixation of favorable mutations, possibly coinciding with the spatial expansion of Y. pestis and host jumps to new host species. However, we found only limited evidence in the genomes for the effects of past natural selection having driven the rate of evolution of Y. pestis. The ratio of nonsynonymous to synonymous mutation rates (dN/dS) is 0.91 for all 2,298 SNPs; ranging from 0.79 to 1.37 for all nodes in the MSTree (Dataset S6). The near-parity dN/dS ratios are consistent with neutral evolution, and provide no obvious signs for diversifying selection at the genome level. However, dN/dS ratios are insensitive to a mixture of diversifying and purifying selection, and we thus considered other typical signatures of diversifying selection.
Diversifying selection might have resulted in frequent homoplasies, as has been observed for mutations to antibiotic resistance (34) and resistance to antivirals (35) , but only 28 SNPs were homoplastic in the 133 genomes (SI Appendix, Table S2 ). Diversifying selection is also frequently hallmarked by genes with multiple, clustered nonsynonymous SNPs (nsSNPs). The distribution of the number of nsSNPs per gene deviated significantly from theoretical expectations under neutral evolution ( ; p nonparam = 9.9 × 10 −4 ), but this deviation was largely associated with only seven outlier genes (including two with homoplasies) that exhibited an excess of nsSNPs (Fig. 4 B and  C) . Only two of the 3,450 core genes displayed both homoplasies and excess nsSNPs (YPO0348 and YPO2210) and 20 others contained only one of these typical signatures of diversifying selection (SI Appendix, Table S3 ). Those 22 genes did not possess obvious unifying features, except that one (YPO0348) is thought to be important for the virulence of Y. pestis (36) and two are related to motility. Thus, our analyses provided little evidence for widespread natural selection having shaped the genomic diversity in Y. pestis, and natural selection cannot explain the extensive variation in substitution rate.
We now consider a third possibility, namely that clock rate variation is simply the result of different bacterial replication rates between epidemic spread versus latent endemic disease. Sylvatic plagues consist of alternate cycles of enzootic disease, in which Y. pestis is rare in both fleas and hosts, and epizootic disease, in which it is common (1). During the enzootic phase, Y. pestis can survive for long periods in a dormant state, the basis of which is still poorly understood (37) . In contrast, during a typical epizootic rodent-flea cycle, infected rodents suffer from intense bacteremia with >10 7 CFU/mL of blood, which is essential for transmission because the flea blood meal is so small and transmission by fleas is so inefficient (38, 39) . Human epidemics result from epizootic plague in an intermediate host, such as rats, whose fleas then transmit Y. pestis to humans, and back to the rodents who are the maintenance hosts for future evolution. The mutational clock rate is constant in the epizootic phase, at least for The genome of strain Angola (0.PE3) was not included in the BEAST analysis because of its excessive length; the table lists the estimaged ages of the flanking nodes in the genealogy, N01 and N03 (SI Appendix, Fig. S3) . 
The same is true of human epidemics, except that SNPs can be fixed at exceptionally high rates during transmission to new geographic areas (13) . However, based on their epidemiological differences, epidemics and epizootics should be associated with much higher rates of bacterial replication per unit time than are typical during the long periods of intervening enzootic disease, even if the mutation rate per bacterial replication cycle is constant. Such periods of rapid replication are expected to result in faster observed clock rates per unit time, even in the absence of natural selection.
A similar "generation-time effect" has been proposed for higher taxa, wherein species with more generations per unit time accumulate more mutations than species with longer generation times (41) 
Discussion
Many genomic comparisons of multiple isolates within a bacterial species have focused on the diversity of gene content. In some bacteria with extensive HGT, such as Escherichia coli and Streptococcus agalactiae, the pan-genome is open-ended, and its size grows continuously with the number of sequenced genomes (42, 43) . For asexual bacteria, such as Salmonella enterica serovar Typhi (44), clones of S. aureus (25, 26) , and the endosymbiont Buchnera (45), the genome is closed and any acquisition of foreign genes seems to be largely restricted to bacteriophages and plasmids. The pan-genome of Y. pestis is also closed, with a size only slightly larger than the average size of the sequenced genomes (SI Appendix, Fig.  S1 ). Most of the accessory genome is variable in its parental species, Y. pseudotuberculosis, and the only genomic island which might have been acquired after the earliest nodes in the genealogy is a filamentous bacteriophage (46) . In contrast, the polymorphic nucleotides in the core genome provide an unambiguous record of a clonal genealogy, allowing analyses of changes that might be associated with historical epidemics and pandemics.
This genealogical clock ticks at a strikingly variable rate, as demonstrated by variable substitution rates and branching events along individual branches of the genealogy. These rates resulted in great heterogeneity in the number of SNPs that modern genomes and ancient DNA have accumulated since the MRCA, and multiple polytomies that probably reflect bursts of fixed mutation that occurred over brief periods. We provide evidence that these variations do not reflect either mutators or diversifying selection and propose that the number of mutations per unit time varies with transmission history: epidemics result in more replication cycles and more SNPs than enzootic phases. This interpretation is supported by an extensive polytomy that gave rise to branches 1 through 4 shortly before the Black Death, and a second polytomy that gave rise to 1.ORI shortly before its global spread from Hong Kong in 1894 resulted in the third pandemic. We also infer the possible occurrence of historically undocumented epidemics in China because multiple other such polytomies and branch-specific high clock rates were observed for populations of Y. pestis that have only been isolated in China or Mongolia until now. Finally, we raise the possibility that strain Angola (0.PE3) might have been associated with the Justinianic Pandemic spread from Africa to all of Europe.
The Angola genome contains an extraordinarily high number of SNPs (SI Appendix, Fig. S3 ), which according to our interpretation might have arisen during the two centuries of epidemic waves in Europe and Africa that were associated with the Justinianic Pandemic. The age of Angola is also compatible with this interpretation: the 95% CIs of our estimates for the ages of the nodes that flank Angola in the genealogy overlap with the beginning of that pandemic in 541 (Table 1) . Although the causative agent of the Justinianic Pandemic is still uncertain, the successful A   YPO0348  YPO2210  YPO3041  YPO3561  YPO2387  YPO2639  YPO0821  YPO3506  YPO2980  YPO0060  YPO2678  YPO1634  YPO1394  YPO2390  YPO0672  YPO3675  YPO0850  YPO3776  YPO4128  YPO0328  YPO2752  YPO3223  YPO1348  YPO1571  YPO0791  YPO1573  YPO0544  YPO2634  YPO0415 EVOLUTION amplification of Y. pestis specific genes from skeletons from the fifth to seventh centuries has been reported by two independent groups (47-49), whereas the biovar or genotype designations of these strains are unknown (50) . Our dating implies that multiple extant Y. pestis lineages that were capable of causing human disease likely existed at that time, including the ancestors of Angola. Similar demographic effects are expected to be true for other epidemic pathogens, especially for zoonotic diseases with similar lifestyles, such as Bacillus anthracis and Francisella tularensis (51). Variable mutation rates have also been reported for S. enterica serovar Montevideo, which was associated with a recent food-born outbreak (52) . However, we note that although a demographic explanation may explain the observed patterns, we cannot exclude alternative scenarios, such as host density changes driven by climatic factors (53, 54) , which will also change the number of bacterial replication cycles.
Many of our conclusions were only possible because our sampling was so extensive. An analysis of fewer genomes, or many genomes from a more restricted geographical source, might have lacked the statistical power to demonstrate the extensive rate variation and the multiple polytomies we describe here. We anticipate that our data will enrich the understanding of evolutionary mechanisms in pathogens alternating between endemic and epidemic demographies. The genomic data presented in this research will also be of help for further exploration of the pathogenicity of Y. pestis and its historical patterns of spread.
Materials and Methods
Details of materials and methods are included in SI Appendix, SI Materials and Methods and Dataset S7, which lists the SNPs excluded because they are in repetitive regions. 
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SI Materials and Methods
Strain collection. We performed genome sequencing on a selection of 107 Chinese isolates that represent the maximum diversity of biovar, host and date of isolation of Y. pestis in China  (1-3) . These were supplemented with three isolates from the Former Soviet Union (FSU) isolates, six from Mongolia, one from Myanmar, and one vaccine strain (EV76) from Madagascar for a total of 118 strains that were sequenced for this study (Dataset S1). 30 of the 118 isolates have been previously SNP-typed in a separate global study (4) , and two (K11973002 and E1979001) have been sequenced by traditional Sanger sequencing (5).
Sequencing and assembly. Whole genome sequencing was performed using Illumina GA II (Illumina Inc. U.S.A) by generating multiplexed paired-end libraries with an average insert size of 500 bp. A base-calling pipeline (Solexa Pipeline-version 1.0) was used to process the raw fluorescent images and call sequences. For each strain, raw short-read sequences were assembled de novo using SOAPdenovo (6) . To evaluate the single base accuracy of the assembled genome sequences, all raw reads were mapped onto the scaffolds using SOAPaligner (7) . The detailed description of assembly results were provided in Dataset S2.
Core and pan-genome construction. We compared all 118 de novo assembled genomes in this study with 15 published genomes (Dataset S1 and SI Appendix, Fig. S9 ) to identify genomic contents shared by all 133 genomes. Briefly, we remapped all the assembled contigs to the completed reference genome sequence (strain CO92, accession number NC_003143) to delineate shared regions with identity ≥ 90% and e-value <1e-5 according to BLASTn (8) . We then compared the raw reads of each strain to the core-genome by using SOAPaligner (7), and unmapped reads were collected and assembled to construct the accessory genome. For the 15 published genomes, regions that mapped to the core-genome were removed, and the remaining sequences were combined to obtain a set of redundant Strain Specific Sequences (SSSs). SSSs were aligned to each other using BLAT (9) and grouped into sets of sequences with ≥ 90% identity and match length ≥ 85% in pair-wise comparisons. Groups of similar sequences were merged and all but the longest sequence in each group were considered to represent redundancy, and therefore removed.
Identification and filtration of SNPs. The processes for SNP identification and filtration are summarized in Fig. S9 . Briefly, SNPs were identified by aligning contigs of each strain to the genome of CO92 using MUMmer 3.0 (10). The MUMmer results for each strain were filtered to remove SNPs that might be unreliable according to the following criteria: 1) quality scores < 20 (average base calling error rate greater than 0.01); 2) covered by < 10 paired-end reads; 3) in repetitive regions (Dataset S7); 4) not identified by BLAT searches of the contigs of each strain to core-genome sequences.
Phylogenetic analysis. The ancestral state for all SNPs was equated to the corresponding nucleotide in Y. pseudotuberculosis IP32953 and all alternative nucleotides were scored as derived. After excluding 28 homoplastic SNPs (SI Appendix, Table S2 ), 2,298 non-homoplastic SNPs were imported into Bionumerics 5.1 (Applied Maths, Belgium) as a binary character set, consisting of "0" for the ancestral state and "1" for the derived state. This character set was then used in Bionumerics 5.1 to construct a minimum spanning tree (MSTree) with hypothetical intermediate nodes. The MSTree was fully parsimonious for all 133 Y. pestis isolates. A maximum likelihood tree was constructed on the basis of concatenated SNPs using the software PHYML with the HKY model (11) , and 500 bootstrap replications.
Nomenclature of populations.
Previous studies subdivided the genealogy of Y. pestis into branches 0, 1 and 2 (4, 12), each of which contains multiple populations. The populations were designated according to the branch plus a mnemonic for the biovar (Mnemonics: ANT, Antiqua; PE, Pestoides (including Microtus isolates); MED, Medievalis; ORI, Orientalis; IN, intermediate strains between 1.ANT and 1.ORI) followed by a number for sequential populations, e.g. 1.ORI2. We identified two novel branches in this paper, and designate them as branches 3 and 4. Each unique node (genome) in the MSTree was assigned a unique identifier consisting of the population designation plus a lower case letter indicating the node. The population designations are congruent with prior assignments (4), except that new isolates on branch 3 were assigned to populations 3.ANT1 and 3.ANT2 and the sole isolate on branch 4 was assigned to 4.ANT. The node designations of all strains are listed in Dataset S1.
Confident interval (CI) estimation of the mean and variance in the distance between the tips and MRCA of the MSTree. We firstly created a bootstrap dataset by resampling items (here, tip-to-MRCA distances), and then calculated the mean and variance of the distance and save it. The bootstrapping procedure was performed with 10,000 times of iterations. Finally, the CIs are derived from the quantiles of bootstrapping.
Testing for heterogeneity in substitution rates. To characterize the differences in substitution rate across the tree, we used the software package BEAST v1.7.1 (13) (14) to implement a Bayesian relaxed clock model where substitution rate is allowed to vary in an uncorrelated fashion on each branch of the phylogeny, and where each rate is assumed to be drawn from a lognormal distribution. The variance of this distribution is estimated from the data, and provides a measure of the extent of the rate variation present. We analyzed the core genomes (~3.53 Mb) from 134 isolates. The Angola strain was excluded on the basis of initial analyses which showed that it had an anomalously high rate of evolution, which would not be adequately modeled by the lognormal approach. All strains were placed as dated tips according to their dates of sampling (see Dataset S1), strains with unknown dates were assigned a date of 1990 and the two Black Death strains were placed at 1348, the date of burial of the skeletons (15) . The analyses used the HKY model of nucleotide substitution with four discrete gamma distributed rate categories, and as a prior on the relative node ages. We assumed a coalescent process with a constant population size across the tree. The priors for all other parameters were the default settings. This estimate is based on the discovery of mutations in endemic isolates from Madagascar (4).We calculated a posterior distribution of all parameters using two separate MCMCs, each run for 10,000,000 generations. The burn-in phase of the distribution was manually removed by inspecting the traces of parameters for the different chains. Convergence and mixing of these chains was confirmed in the program Tracer v1.5 (13) .
Comparing the number of SNPs per gene to theoretical expectations
To detect genes under natural selection, we compared the distribution of the number of SNPs per gene to theoretical expectations. The probability of observing polymorphism at a given nucleotide was computed as m=n/N, where n was the total number of SNPs and N was the sum of all gene lengths. The expected number of SNP for a gene i of length L i was then computed as mL i . We compared the observed numbers of SNPs to theoretical expectations using a chi-square goodness of fit test. The test statistic was computed as: where K was the number of genes. The chi-square statistic was compared to theoretical expectations using both parametric and non-parametric approaches. The parametric distribution was defined as a chi-square distribution with K-1=2821 degrees of freedom (Fig.  4A) . Because the expected number of SNPs were lower than typical requirements for a chi-square test (mL i should be greater than 5 for all genes), we also derived a reference distribution using simulations. For each gene, we drew a simulated number of SNPs n' i from a binomial distribution B (L i ,m). A reference chi-square statistic was computed by replacing n i with n' i in Equation 1.1. We repeated this operation 1,000 times to obtain a non-parametric reference distribution of chi-square values (Fig. 4A) We assessed which genes deviated most from theoretical expectations by examining their respective contributions to the chi-square statistic (Fig. 4B) . The contribution of a gene i, expressed as a percentage, was computed as: . The strain Angola was excluded from this estimation because its anomalously fast rate could not be fit by the lognormal model but the arrow represents its placement according to the Maximum Likelihood tree (Fig. S2) . This provides strong evidence that this strain diverged significantly earlier than the Justinian's pandemic. 
